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Gold nanostructures exhibit technologically useful properties when they are 
polarized in an electric field. In two projects we explore instances where the polarized 
metal can be used in real world applications. The first project involves gold nanoparticles 
(GNP) for use in light actuated microelectromechanical systems (MEMS) applications. 
Although the GNPs were originally designed for volumetric heating in biomedical 
applications, we treat them as a thin film coating, opening the door for these particles to be 
used in MEMS applications. This work characterizes the thermal properties of gold 
nanoparticles on surfaces for spatially-targeted thermal actuation in MEMS systems. The 
second project deals with metalized nanopore membranes for use in microfluidic 
applications. For this project, several models and experiments were performed on 
electroosmotic flows driven by charge separation at polarized nanopore surfaces. Until this 
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Gold (Au) has always been a valuable metal because of its unique physical 
properties. Gold is an attractive metal because of its thermal and electrical conductivity 
while resistant against oxidization, making it well-suited for applications in medicine and 
technology. Although the bulk properties of gold are useful, this project will focus on the 
nanoscale properties of gold which have been shown to diverge. These nanomaterials show 
promise in many areas such as drug delivery, microfluidics, and cellular manipulation. 
Further study and characterization are needed to achieve their full potential. In the 
following chapters, we will attempt to shed light on some of these properties to better 
understand their behavior. This dissertation will explore the behavior of gold 
nanostructures under different stimuli such as lasers, high temperatures, and electric fields. 
Two different projects will be discussed that explore how to incorporate these 
nanostructures into devices that will utilize these unique behaviors to convert 
electromagnetic energy into movement. 
The first project involves gold nanoparticles (GNP) for use in light actuated 
microelectromechanical systems (MEMS) applications. Although the GNPs were 
originally designed for photo-thermal therapeutics in biomedical applications, we treat 




applications. This work characterizes the thermal properties of gold nanoparticles on 
surfaces for spatially-targeted thermal actuation in MEMS systems. We show that GNPs 
do increase the absorbance of laser energy; a side by side comparison of cantilevers with 
and without embedded GNPs showed greater deflection for cantilevers with GNPs than 
those without. The second project deals with metalized nanopore membranes for use in 
microfluidic applications. The nanostructures are placed in a fluid with a tangential electric 
field which induces motion in the medium using an electric bilayer. For this project, several 
models and experiments were performed on electroosmotic flows driven by charge 
separation at polarized nanopore surfaces. We successfully demonstrate flow driven by an 
AC field at an asymmetrically metallized nanoporous surface with 400 nm diameter pores. 
Until this work, flow-through geometry remained unexplored for induced charge 
electroosmotic flow (ICEO). For each project, this dissertation will provide a 
comprehensive background on the underlying physics governing the behavior of the 
structures involved. Additionally, the development of the techniques required to 
incorporate these structures into proof of concept devices will be chronicled, outlining the 
basis for future real-world applications.     
 
1.1 Background on thermally responsive “pop-up” structures 
Out of plane structures can be created by depositing two layers with different 
thermal expansion coefficients onto each other [1]. The strain mismatch in the structure 
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Where the radius of curvature ρ is given by Equation 1[2], αa and αb are the thermal 
expansion coefficients, and ΔT is the change in temperature. This technique can be used to 
create simple out-of-plane structures such as cantilevers or more complex structures with 
bistability. Both of these structures are utilized in this project. By changing the temperature 




work to create light actuated MEMS. In using this technique, several interesting structures 
can be created.  
 
 
Figure 2: Different possible structures using mismatched thermal expansion 
coefficient bilayers [3]. 
 
The structure which is of most interest for this project is the structure in Figure 2 
(e) which is a bistable geometry.   
 
1.2   Background on bistable beams 
The buckled beam theory can be used to create bistable structures that hold their 
shape without energy applied [4,5,6]. Multiple stable shapes are allowed, potentially 
leading to MEMS that can be programmed into shape by the temporary application of 
power. The bistable geometry minimizes power consumption while the actuator is at rest. 




shape for a variety of sample thicknesses, whether the material is metal (high modulus) or 
plastic (low modulus). Both metal and plastic beams show similar properties in the snap-
through behavior, which is important because our micro scale experiments will also switch 
between different materials. 
 
1.2.1 Macroscale Bistable Beams 
A bistable mechanical structure can be formed by the compression of a thin ribbon-
shaped beam. The mechanics are similar from the micron scale to the cm- and meter scale. 
The beams will “snap” from one state to another. Usually in macroscale applications the 
snapping is induced by pressure applied on the center of the beam, but we recently 
investigated the stability of cm-scale beams that had rotated endpoints [7] instead of 
applied pressure. This situation would apply at the microscale to thin-film compressed 
beams supported on a soft surface with changing curvature. Endpoint rotation could also 
be achieved by thermal actuation as described in Section 1.1. We determined that the snap-
through rotation angle is controlled chiefly by the amount of compression in the beam, 





Figure 3: (A) Setup for experiments with beams having a support width (2w) of 5 cm and 
symmetric end angles a. (B) Experimental results and prediction for thin plastic and 
metal strips. Snap-through angle is a function of the compression ratio b, and does not 
depend on absolute scale or material properties as long as assumptions are met. 
 
 
1.2.2 Bistable Out-of-Plane Microstructures 
Bistable structures have been used in many applications such as switches [8,9], 
relays [10], and energy harvesters [11]. The bistable microstructure presented in this work, 




will release into randomly. Due to the symmetry of the windowpane it can curl along either 
of the two axes with equal strain energy in either state, with the device showing no observed 
initial orientation preference. The device can be forced to release into a preselected state 
by adding dots to the beams which slightly delays the release of the device. This bistable 
structure can be used as a sensor that only needs power when determining which state the 
bistable structure is in.  
 
 
Figure 4: Fabrication diagram for the cleanroom processes used to fabricate the devices. 
 
The fabrication processes in Figure 4 depict a standard 4 in silicon wafer which acts 
as the substrate for material deposition. The bilayers required for creating the pop-up 




4A). Photoresist is then spun on and patterned using photolithography (Figure 4B). Next, 
a 10 nm titanium adhesion layer and a 90nm platinum layer is deposited by sputtering 
(Figure 4C). Lift-off is used to remove the Pt leaving the windowpane shape behind (Figure 
4D). The SiO2 is then etched to create a path to the Si (Figure 4E). To release the structure, 
an isotropic XeF2 etch is used to undercut the device and release it from the surface (Figure 
4F). The final resulting structure curls to one of two states as pictured in Figure 5 from a 
scanning electron microscope (SEM). 
 
 
Figure 5: SEM view of the bistable windowpane structures, released to one of two states. 
 
1.3 Gas Flow sensor   
To verify the bistability of this design, mechanical switching was activated using 
gas flow. This phenomenon was used as the basis for a flow sensor because the variables 
that govern the switching behavior are the side length and the flow velocity of the air 
applied to the device [12]. This switching phenomenon is repeatable and since the device 
requires no power to maintain the stable state, the sensor only requires power during the 




of the device under different flow conditions are presented.  Results show that larger 
devices switch at slower flow velocities and that the stability state switching threshold can 
be calibrated to a desired gas flow rate. Structures with a square side length of 550 μm to 
700 μm at 25 μm intervals were fabricated to characterize the effect of surface area on the 









The lift force (FD) is proportional to the density of the medium (ρ), the flow velocity 
squared (ν2), the lift coefficient (cD), and the surface area (A). In the following experiments, 
the force exerted by a given flow velocity was varied by modifying the side length 
parameter, which affects the surface area (A). 
 
1.3.1 Flow Experiments 
A micro wind channel was created for testing these devices. Figure 6 shows the 
micro wind tunnel opened for exchanging the device. Pressurized N2 was used for the flow 
medium. The gas was applied to a single channel with a centrally situated device. Two 
wind channels are at 90 degrees to allow testing in both switching directions of the bistable 
structure. The devices were optically monitored via an Olympus BX-71 microscope for a 
change in state with a one second air burst at a known velocity. The device reliably switches 







Figure 6: Picture of the wind tunnel used for experiments with the wind sensor, with the 
top removed to change out the test chip. 
 
The wind tunnel in Figure 6 is laser cut out of three layers of 1/8th inch (3.175 mm) 
acrylic. Straight cut and raster modes are used to create the air channels and seating area 
for the device. The inlet and outlet channels are 5 mm wide with an approximate height of 
3.2 mm including the raster etch. Plastic tubing is installed in these channels for airflow 
into and out of the system. The center device chamber is a 1 cm square with a height of 
3.175 mm from substrate surface to the chamber ceiling. A 500 μm raster etch of the center 
base was included so the substrate surface was even with the chamber bottom. The air flow 
in the center device area is calculated to be laminar. The flow speeds with air used in this 
experiment, 5 to 10 LPM, suggest a Reynolds number range from 800 to 1700. 
 
1.3.2 Results 
The data points show that the air flow required to cause a state change is reduced 
as the surface area of the device increases (Figure 7A). The experimental data for side 
length and critical flow rate in Figure 7A are fit with a curve obtained using the model 




rotameter and pressure regulator. Figure 7B shows a linearization of the measured critical 
flow rate data to solve for the fitting parameter. The constant was obtained as the slope of 
the line fit to the data in Figure 7B, and was the single fitting parameter used to connect 
the model to the data.  
 
 
Figure 7: A) Experimental data on critical flow rate vs side length, and model.  
B)  Linearized flow rate data for extracting the model fitting parameter. 
 
Larger windowpanes can be expected to switch at lower flow speeds for several 
reasons. First, elongating the side length increases the surface area of the structure. Drag 
force is proportional to this area for a constant air speed, so larger devices experience more 






Third, a larger device extends higher into the channel and interacts with faster-flowing 
streamlines. The resemblance of the data in Figure 7B to the model, which ignores variation 
in snap-through force with L, suggest that the area and height are more important than the 
spring constant in setting the threshold flow rate over the size range studied.  
 
1.4 Light-Driven Microactuation Using GNPs   
Currently most of the research with GNPs is focused on cancer therapy. The GNPs 
are used as photothermal treatments for directly attacking the cancer cells and reducing 
their size [13], and also in imaging as a contrasting agent [14]. Since the particles can be 
functionalized to attach to cancer cells, they have been used as a drug delivery system 
[15,16]. Usually these particles are distributed throughout a fluid or tissue sample. 
However, in this work we applied the GNPs in a new environment: on planar surfaces and 









LIGHT-POWERED MICROSTRUCTURES USING METAL NANO ABSORBERS 
 
2.1 Gold Nanoparticle Background 
The absorbance of gold nanoparticles (GNP) has been attributed to the collective 
oscillation of the free electrons in the conduction band, which is known as surface plasmon 
oscillation (SPO). SPO occurs when the GNP are exposed to light. The incident electric 
field acts on the free electrons in the GNP, creating a polarized effect as shown in Figure 
8. Due to the Coulomb attraction between the electrons and nuclei of the GNP, the electron 
cloud will shift back to the opposite side which creates the plasmon resonance [17]. 
 
Figure 8: Plasmon oscillation for a spherical particle [17] 
 
The GNPs are well-suited for in vivo applications because of their biocompatibility, 




(NIR) window. The NIR window (650-1450 nm) is where light has its deepest penetration 
[18,19] into tissue while having low absorbance coefficient for blood cells and other 
biological materials. Since we use GNPs, which are between 700 nm and 900 nm, we are 
well within NIR window range. An example of the NIR window absorbance spectrum can 
be seen in Figure 9. The figure shows the absorbance of oxygenated blood and 
deoxygenated blood which fits in well with the GNPs that we are using. 
 
 
Figure 9: Absorbance spectrum of oxygenated and deoxygenated blood, and water [20] 
 
GNPs can be created in many different sizes ranging from 2 to 250 nm [21] and 
shapes such as spheres [22], rods [23], and plates [24,25]. All off these can be used to fine 





2.1.1 GNP Shape Dependence: Spheres 
The absorbance spectrum for GNPs is strongly dependent on the shape of the 
particles. There are several types of GNPs including spheres, rods, and differently shaped 
plates (hexagons, triangles). Spherical particles generally absorb in the lower ranges of the 
NIR window around the 650 nm wavelength [26]. For spherical particles, an exact solution 
to the absorbance as a function of wavelength can be calculated using Mie theory, derived 
from the Maxwell equations with the correct boundary conditions. The equations reduce 
















Where V is the volume of each individual particle, εm is the dielectric constant of 
the medium, c is the speed of light, ε1 and ε2 are the dielectric function of the material, ε1 is 
the real part of the dielectric function while ε2 is the imaginary part. According to Equation 
6, the only size dependent variable is volume which is proportional to the particle diameter. 
However, this result does not fully line up with the experimental results seen in the 
literature (Figure 10). This discrepancy has been attributed to the change in the dielectric 





Figure 10: Example Absorbance Spectra from Literature for spherical GNPs [27] 
 
2.1.2 GNP Shape Dependence: Rods  
GNP rods work similarly to the spherical particles, with a resonance driven by an 
external electric field. However, due to the asymmetric shape of the rods the SPO has both 





Figure 11: The electron cloud oscillation under an electric field (a) the transverse 
oscillation along the B or C axis and (b) the longitudinal oscillation along the A axis [28]. 
 
Since the electron cloud can oscillate in two directions, there are two distinct 
absorbance peaks present in the spectrum. GNP rods also have an exact solution by 
modifying the Mie theory with a geometric factor. The extinction coefficient is described 
by Equation 7 [29]. 
  























In the equation, N is the number of particles per unit volume, V is the volume of 
each individual particle, εm is the dielectric constant of the medium, λ is the light 
wavelength, ε1 and ε2 are the dielectric function of the material, ε1 is the real part of the 
dielectric function, while ε2 is the imaginary part. Pj is the depolarization factor for the 
three axes A, B, and C of the GNP rods.  The depolarization factor is defined by the PA, PB, 
and PC which are described in Equations 8 and 9 below. The aspect ratio of the nanorods 





























                                                   
A solution to the equations can be seen in Figure 12A with clearly defined peaks 
for the transverse oscillation and the longitudinal oscillation. The aspect ratio plays an 
important role in the absorbance of the GNPs, which can be seen in Figure 12B with 





 Figure 12: Example Gold Nanorod Absorbance Spectra from Literature [30]; 
note second peak caused by asymmetry in the rod-shaped particles. 
 
2.1.3 GNP Shape Dependence: Plates  
Unlike spheres and rods, nanoplates do not have an exact mathematical solution. 
Because there is no exact solution to the GNP plates, other approaches are needed to 
calculate the scattering and absorption properties of the particles, such as the discrete‐
dipole approximation (DDA). DDA can be used to calculate the properties of any arbitrary 
shape by segmenting the object into an array of polarizable elements. By applying a 
localized electric field, each point acquires a dipole moment. This can be used to get the 
far-field properties such as extinction efficiencies, and also near‐field properties such as 
the electric field near the particle surface [32,32]. Knowing the properties of the electric 
field near the particle surface allows for the calculation of the scattering and absorption 
properties of the particles. Because there is no exact solution to this structure it is difficult 
to determine the accuracy of DDA, but this method has been tested against known solutions 







Figure 13: Extinction spectrum of gold nano-shells A) Exact calculation from Mie theory 
B) Calculation using DDA [33]. 
 
2.1.4 GNP Synthesis 
Gold nanoparticles with precisely controlled nIR absorption are synthesized by 
one-step reaction of chloroauric acid and sodium thiosulfate in the presence of a cellulose 
membrane. The NIR absorption wavelengths and average particle size increase with the 
increasing molar ratio of HAuCl4/Na2S2O3. The gold salt used is hydrogen 
tetrachloroaurate (III) trihydrate 99.99% (HAuCl4\3H2O) purchased from Alfa Aesar. A 
1.72 mM solution is prepared with DI water and protected from light with aluminum foil. 
A 32.6 ml volume of the 1.72 mM gold salt solution is combined with 7.4 ml of a 3 mM 
sodium thiosulfate pentahydrate solution (Na2S2O3/5H2O; purchased from Sigma-Aldrich) 
to perform the reactions for synthesizing the nIR GNPs. A 12 kDa Molecular Weight Cut-
Off (MWCO) membrane (Flat Width ¼ 43 mm) from Sigma-Aldrich is cut to the desired 
length (150 mm for 770 nm GNPs and 100 mm for 940 nm GNPs), then one end of the 




Na2S2O3 solution is then added into the tube via pipette, followed by mixing the solution 
within the membrane by manually stirring with the tip of the pipette and aspirating with 
the pipette pump. Subsequently, air is removed from the tubing and the other end of the 
membrane is clipped. The sealed tube is placed in an 8 L beaker filled with 7 L of DI water 
and a stir bar at the bottom of the beaker rotating at 200 rpm. This mixture is allowed to 
react for 1 hour. Particle batches, composed of various pseudo-spheres and anisotropic 
nanostructures, are dispersed in 8% PVP by weight solution to make the polymer GNP 




Figure 14: Typical absorption profile for GNP plates.  




2.2 Light actuated MEMS 
Light has been used in the past to create motion with photosensitive material [35], 
and some have also used GNPs in their design [36]. However, these previous applications 
have been on the macro scale, as their use in micro scale applications still remains under 
explored. 
 MEMS devices have shown great promise in in vivo applications because of their 
small size and versatility. The ability to create small-scale actuators and pumps could have 
many applications in biomedicine in the form of cell manipulators and drug release. Most of 
these devices use wires or have toxic batteries [37]. Light-actuated MEMS on the other hand 
present an opportunity for a wireless device which does not require batteries or wires to 
function.      
 
2.2.1 Dual Laser Heating Experiments  
One of the benefits of using GNP as a heating source is the ability to use multiple 
variations of wavelength particles on the same device. This section will explore the results 
of dual wavelength laser experiments to show the response of GNP when tuned to different 
laser wavelengths. 
This section demonstrates a basis for designing light-powered MEMS with a 
wavelength specific response. This is accomplished by patterning surface regions with a 
thin film containing gold nanoparticles that are tuned to have an absorption peak at a 
particular wavelength. The heating behavior of these patterned surfaces is selected by the 
wavelength of the laser directed at the sample. This method also eliminates the need for 









Figure 15: Dual Laser Experimental results [38] A) Temperature response sample under 
808nm Laser B) Temperature response sample under 915 nm laser C) Percent change in 
peak temperature  
 
As we can see in the experimental results shown in Figure 15A, the 770 nm GNPs 
heat more when illumined with an 808 nm laser then with a 915 nm laser. Additionally, as 
we can see in the results shown in Figure 15B, the 940 nm GNPs respond better to the 915 
nm laser than the 808 nm laser. The results demonstrate that gold nanoparticle films are 
effective wavelength-selective absorbers. 
2.2.2 Light Actuated Bistable Structure 
 Several platinum MEMS devices were created and spin-coated with GNP particles. 




measured. The device showed rapid actuation thanks to the thin film windowpanes’ good 
thermal insulation from the substrate. 
 
 
Figure 16: Windowpane device deflection under pulsating laser 
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Figure 16 shows the results for the windowpane actuation, and as we can see from 
the graph the devices which were covered with GNPs show a greater degree of change in 
their radius of curvature.  
 
2.2.3 Polyimide Devices  
The initial devices were platinum, and although these metal devices are easy to 
fabricate and useful in determining the functionality of the GNPs, they do have some 
drawbacks. The main drawbacks are the cost of platinum and the fact that the metal will 
absorb any wavelength laser to some extent. By doing so, the selectivity that GNPs provide 
is not fully exploited as an advantage. The cost and lack of selectivity can both be addressed 
by switching to a polyimide (PI) device. PI devices have been used in several MEMS 
applications such as flexible substrates [39], piezoelectric structures [40], and MEMS 
sensors [41,42]. 
Using PI addresses the two main drawbacks of Pt because of its low cost and the 
fact that it is IR transparent. In addition, PI can withstand relatively high temperatures for 
a polymer, has a high tensile strength, and has a linear thermal expansion coefficient of 20 
ppm (parts per million) per degree C, compared to 9 ppm/C for platinum. Therefore, the PI 
will be able to create the necessary thermal expansion mismatch for actuation of PI/oxide 
bilayer structures as described in Equation 1. The IR transparence of PI allows for a novel 
fabrication technique where the GNPs can be placed between the PI layer and the SiO2 
layer and still provide the light selectivity. This method will be discussed in more detail in 





Figure 17: PI/oxide bilayer cantilevers curling up from a silicon substrate 
 
Figure 17 shows fabricated PI devices that have been released from the wafer and 
curled up into a traditional cantilever shape. 
 
2.2.4 Bulk Coating/Microfluidic GNP Patterning  
In initial experiments with light actuated MEMS devices, we used metal devices 
with GNPs deposited on the devices post-fabrication. The deposition of GNPs after 
fabrication presented problems during the release because of the high selectivity of the 
XeF2 etching process. This highly selective process caused the devices to release unevenly.  




fabrication processes. Since the GNPs can be added during the fabrication process, a whole 
wafer can be covered with GNPs and then normal lithography processes can be used to 
create the devices. These devices have GNPs embedded in them and can be actuated using 
laser light. This method eliminates the problems that are present when trying to release the 
structures from the substrate when the GNPs have been applied after the fabrication 
processes.    
 In addition to bulk application of GNPs, using PI also allowed for the use of 
microfluidic devices in patterning the GNPs for a more accurate depositing process. Using 
microfluidic devices to pattern GNPs allowed fabrication of two devices with different 
wavelength GNPs within close proximity of each other on the same wafer. In addition to 
the proximity of the two devices, this method also allowed for the selective heating of 
specific segments of more complex MEMS devices. A potential application example would 
be precisely patterned segments on the bistable windowpane structure containing GNPs 






Figure 18: Fabrication diagram for microfluidic patterning of GNP devices. 
 
The fabrication diagram in Figure 18 shows the microfluidic patterning process 
which was used to pattern the GNPs. The key to this process is depositing an 
aminopropyltriethoxysilane (APTS) layer to the surface of the wafer which helps with 
particle adhesion and forms a temporary bond between the wafer and the PDMS mold. The 
PDMS mold is bonded well enough to allow the GNPs to flow, but is easily removed after 
the flowing processes. Figure 19 shows the result of the patterning process before (a-d) and 





Figure 19: a - d) Scanning electron micrograph images of a GNP coating deposited onto 
an APTS-covered silicon surface using a microfluidic channel containing a 30 micron 
pillar array. e) Optical micrograph of the array after covering with a 2 micron thick 








Figure 20: Microfluidic patterning GNP process A) Two different wavelength GNP 
patterned in close proximity to each other B) Alignment mark for photolithography  
C) Cantilevers aligned on top of the GNPs. The width of these cantilevers is 15 microns. 
 
Figure 20A shows two areas of GNPs patterned in close proximity to each other. 
Figure 20B shows the alignment marks that are used during photolithography to align the 
cantilever mask. The aligned cantilevers can be seen in Figure 20C which shows three 
different cantilevers, the two outside cantilevers have different wavelength GNPs while the 




2.3 GNP Thermal Stability 
 Patterning GNPs using a microfluidic flow channel allows the GNPs to be 
incorporated into new devices that had not previously been possible. However, the new 
method exposes the GNPs to high-temperature polyimide curing processes (typically 350 
C), and it turns out that these nanoparticles begin to melt at significantly lower temperatures 
than bulk gold (1064 C). The thermal stability of GNPs has been studied in previous 
research [43] showing a significant drop in the peak absorbance wavelength after heating. 
That research, however, was focused on nano-rod GNPs. An absorbance peak shift was 
also expected with the nano-plate GNPs that were used in this research, but since the plates 
and rods have different properties the thermal stability of the nano-rods needed to be 
studied and characterized further. In addition to determining the thermal stability of the 
GNPs for exposure to fabrication processes, thermal stability experiments were also needed 
to determine the safe operation parameters for these particles. As shown in the dual laser 
experiment, the GNPs reach a temperature of up to 80 C for a 4 watt laser. A shift in peak 
absorbance would affect the repeat reliability of any device which incorporated GNPs. 
 
2.3.1 Bulk GNP Thermal Stability Experimental Setup 
To measure the thermal stability of the GNPs, a monolayer of the particles was 
placed on several glass slides. The slides that were used were simple microscope slides that 
had been thoroughly cleaned, covered with APTS, and stored in 70% methanol. The APTS 
allows the GNPs to stick to the surface during the remainder of the experiments. The 
particles were placed in a circular reservoir and left to sit for two hours to ensure a uniform 




Measurements were taken at three locations along the edges of the circle and the center. 
The glass slides were then exposed to varying time and temperature schedules that will be 
detailed in the results section. The parameters were chosen based on the curing procedures 
of the polyimide, because this was the desired application for the GNPs. After the 
temperature exposure, the absorbance peak was again measured and compared to the initial 
absorbance peak to determine the shift due to temperature. 
In addition to measuring the GNP thermal stability as a monolayer, the absorbance 
and particle shape of single GNPs were also measured post-temperature exposure. The 
particle shape was imaged using SEM and the absorbance was measured using dark field 
microscopy. By using unique numbered markers, we can identify individual particles and 
clusters of particles before and after heating. The ability to look at individual particles 






Figure 21: Bulk GNP thermal stability sample preparation and data collection locations. 
 
Figure 21 shows the deposition method and the three locations where the 
measurements were taken. Data was collected at three different locations in order to 
minimize the effects of local variations in the bulk layer. 
 
2.3.2 Bulk GNP Thermal Stability Results 
The thermal stability experiment shows a significant shift in particle absorbance 
toward the smaller wavelength region of the spectrum. Although there is a significant shift 











A typical absorbance profile for bulk heating experiments can be seen in Figure 22. 
The figure shows the absorbance profile for three different locations on a single slide. This 
slide was exposed to a temperature of 350 C which is the curing temperature of the PI that 





 Figure 23: Average Absorbance Peak post heating  
 
The safe region for the GNPs appears to be about 100 C. The higher region of 
processing temperatures from 100-400 C could still be used because the GNPs maintain a 
distinct peak. In addition to a shift to smaller peak wavelengths, a consistent decrease in 
absorbance is also observed with the bulk heating experiments. This decrease in absorbance 




The GNP absorbance as a function of wavelength was also simulated in DDSCAT, 




exact solution. Unlike the spherical and rod particles, plates do not have an exact solution 
to determine absorbance. The GNP shapes for simulation were generated using the tools 
available on https://nanoHUB.org. The triangular geometry was generated by use of the 
nanoDDSCAT+ tool, which takes a shape input in the form of a mash which is drawn in 
Blender software and converted to a point array, which is the input for DDSCAT 
[44,45,46,47,48]. 
 The exact shape of the GNPs is difficult to determine and varies greatly, and as a 
result we cannot get the exact solution in DDSCAT. We can determine the general behavior 
of GNP triangles when the corners become rounded, evident in the SEM images. Although 
we cannot get an exact solution, we can determine a close approximation and a general 
trend in scattering from the DDSCAT simulations.  
 
 
Figure 24: DDSCAT Simulation Shapes A) Triangle with sharp edges B) Triangle with 
rounded edges 
 
From the simulations, we can tell that peak scattering should shift to the smaller 




expected because as the particles are getting rounder they are shifting to a wavelength 
closer to what we would see with a disk-shaped GNP plate. 
 
Figure 25: Experimental and simulation results for single GNP scattering 
 
The rounded corners are created using the bevel tool in Blender. In Figure 24 the 
simulated results show two triangles with differently rounded corners. The rounded corners 




2.3.4 Single GNP Thermal Stability 
 
 To determine the thermal stability of single GNPs, a scattering profile for single 




using an Olympus scope with a cytoviva darkfield condenser. This method has been used 
successfully in the past to determine accurate scattering profiles for single GNPs [49,50]. 
A low concentration of GNPs was deposited on glass slides with unique numbered 
locations etched into the glass. With the help of these numbered slides it is possible to 
identify the same particles pre- and post- heating.   
 
 
Figure 26: Method for Finding Individual GNPs using Darkfield Microscopy 
 
Once the triangular GNPs had been identified, their scattering spectra was collected 
for pre- and post- heating analysis. The peak scattering wavelength was then found and a 
difference between the two peaks was calculated to determine the percent shift in peak 
wavelength. Five plates were selected for each temperature and averaged together to 







Figure 27: Single GNP percent shift for triangular particles 
 
Similar to the bulk heating experiments in the previous section, the particles shift 
to the lower wavelength after heating. However, single GNPs seem to keep their original 
wavelength peak at a higher temperature than the bulk heating experiments show. As was 
mentioned in the previous section, the bulk GNPs show a significant shift at 200 C while 
in the single GNP experiments the shift in peak was around 0% at 200 C. 
 
2.3.5 Thermal stability discussion 
 
Both single and bulk thermal stability measurements have shown a significant shift 
in absorbance for the GNPs. The safe exposure temperature for the GNPs seems to be 100 




above this threshold shift the maximum peak to the smaller wavelengths. This is above the 
temperatures we were seeing with the 4 watt laser, therefore it would be safe to assume 
that the absorbance of the GNPs will not change after use for the applications presented in 
this work. Although the GNPs would not be affected in these experiments, they could 
certainly be affected if a higher power laser is used. A higher power laser should be taken 
into account before using. The curing temperature for the polyimide used to create these 
structures is 350 C. This temperature has been shown to significantly change the peak 
absorbance of the GNPs, however, there is a commercially available PI formulation 
(PI2555 DuPont) that cures at lower temperatures near ~ 200 C [51] which could be used. 
Although larger shifts have been observed with the bulk measurements, the single 
particle measurements have shown a smaller shift. With the bulk measurements, the GNPs 
have been observed to melt together and form new structures which appear to have a 
smaller peak absorbance. By keeping the concentration of the particles low to prevent 
particles from overlapping and merging when heated, higher temperatures might be safely 
used. However, lower GNP concentrations will lower the amount of absorbance, which 
may not work for certain applications such as in vivo actuation where the absorbance 
contrast between device and tissue must be high enough to prevent tissue damage. 
Despite the fact that there is a shift in the peak absorbance wavelength, the shifted 
GNPs do maintain a distinct peak and therefore a lower wavelength laser could still be used 
to achieve thermal actuation. The peak absorbance does level off at around 650nm, which 
is the lower limit of the NIR window. This range would allow the melted particles to still 





2.3.6 Light actuated cantilevers 
 
 To validate that the PI structures can be actuated, the cantilevers with GNPs 
embedded between the PI and SiO2 were used. The cantilevers were placed in a SEM and 
imaged while a laser was fed through a vacuum flange using a fiber optic coupler. The laser 
was switched off (Figure 28A) and on (Figure 28B). The cantilevers can be seen deflecting 
in the SEM. There was rapid deflection toward the substrate, but with less amplitude than 
with the platinum structures in Section 2.2.2 . The reduced deflection is most likely because 
the 915 nm laser did not overlap strongly with the thermally-shifted GNP absorbance 
(estimated to be in the 600-700 nm range) compared to the broad absorption band of the 
metal film used in the Pt cantilevers. 
 
 
Figure 28: PI cantilevers moving under laser light A) laser off B) laser on. 
 
The control experiment is an oxide-PI bilayer cantilever without any GNPs 
sandwiched between the layers. These IR-transparent oxide-PI cantilevers were not 
observed to actuate in the same laser spot that caused observable motion in oxide-GNP-PI 




off (A), and on (B). This result illustrates the success of using PI instead of platinum as the 
thermally expanding material for laser-induced microactuation. Although PI introduces 
some fabrication challenges related to melting and wavelength-shifting in the GNPs, it 
creates better thermal contrast between GNP and non-GNP coated areas. 
 









INDUCED CHARGE ELECTRO-OSMOSIS 
 
In this chapter, we apply an external electric field to metallic nanostructures not as 
a laser beam, but as an AC electric field at a pair of electrodes in a microfluidic cell. Like 
the GNPs in the previous section, the metallized structures here are electrically floating 
and able to respond to the external field by polarizing and acquiring a non-uniform surface 
charge. The chief application investigated in this part of the thesis is driving fluid through 
a metal-lined nanopore using the induced surface charge to perform electroosmosis. 
 
3.1 ICEO Background 
 The induced-charge electroosmotic (ICEO) effect occurs when a conductor is 
placed in a liquid medium and an electric field is applied, which causes the conductor to 
become polarized. Since the conductor has to maintain a zero-net charge, the conductor 
gains a non-uniform surface charge distribution. The positive and negative charges on the 
conductor then attract counter charges in the fluid. The applied electric field prompts the 
free ions to move which causes the counter-ions in the fluid to also move. This movement 




3.2 ACEO Background 
A subset of electroosmotic flow is Alternating Current Electro-Osmosis (ACEO); 
these devices use an AC voltage to induce flow. When an AC voltage is applied, it does 
not generate the electrolysis gas bubbles that can break the circuit of a direct current (DC) 
electroosmotic pump. For this practical reason, AC-driven induced charge electroosmosis 
(ICEO) around polarized metal obstacles in flow channels has been an active research topic 
for more than a decade. Net flow is allowed even in symmetric AC fields thanks to 
asymmetric features in microfluidic channels. The Helmholtz-Smoluchowski slip velocity 











Where η is the electrolyte viscosity, E|| is the tangential component of the applied 
electric field, ε is the permittivity, and ζ is the zeta potential of the surface [52]. The first 
ACEO pumps used symmetrical planar electrodes to obtain flow [53].  
 
3.3 Obstacle ICEO/ACEO 
In microfluidic ICEO, the central object in experiments or simulations is typically 
a conductive floor-to-ceiling obstacle in a microfluidic channel. In these experiments flow 
is horizontal, which is excellent for video microscopy and capturing streamlines using 




to-frame correlation. Figure 30 shows examples of this type of research from our previous 
work.  
 
Figure 30:  Images taken from our previous work [54] with flow in the plane of the page. 
(a) Fluorescent tracer beads moving around a polarized circular pillar are turned into flow 
streamlines (b) using particle image velocimetry. (c) Asymmetric metal-coated triangular 
pillars (channel width 200 microns and depths of 50-300 microns), (d), their simulated 
loading, and (e) continuous mixing of two flowing solutions in a transverse AC electric 
field by both ICEO and diffusion. 
 
Induced charge electroosmosis ion current rectification in nanopores and nanotubes 
with broken symmetry is defined by etching a two-dimensional pattern, and then 
laminating different layers together. Micro- and nanopores do not integrate readily into this 




integrated into a microfluidic device by sandwiching a porous membrane between two 
channels [55], or by packing a channel with a polymer monolith that forms pores by self-
assembly [56]. However, these unconventional materials bring the fabrication sequence 
outside the cleanroom, and both methods create flow streamlines that move out of the focal 
plane. Investigating ICEO in a porous format calls for an upgrade to the microfabrication 
toolbox and a 90° rotation of the flow direction. 
 
 
3.3 Applications of ICEO at membranes 
Motivations include compact lab-on-a-chip systems that require higher 
backpressure than can be achieved with microscale pumping features, and compact 
hydraulic systems for robotics.  
 
3.3.1 Lab-on-a-chip 
A lab-on-a-chip (LOC) is described as a device that integrates one or more 
laboratory functions on a single integrated device on a small scale, generally on the 
millimeter scale [57]. One of the advantages of LOCs is that they can handle relatively 
small fluid volumes down to less than pico liters. LOCs still rely on external pumps or 
pressure driven flows [58] which limits their portability and increases their size. The small 






3.3.2 Soft Robotics 
Soft robotics requires fluid pumps that can attain 10-100 psi, with as few moving 
parts and exotic materials as possible. Hydraulics [59] and pneumatics [60] are in the right 
range to power state-of-the-art soft actuators. However, the actuation of these soft robots 
is usually created with a conventional pump or even a high-pressure gas cylinder and 
regulator that remains off-camera during demonstrations. The main selling point of soft 
robots is their flexibility, and having rigid components like a pump or gas cylinder reduces 
such benefits. Since the membranes presented in this project are flexible and thin they 
would be a significant addition for soft robotic applications. 
 
3.3.3 A gap in the literature 
There is a lack of cross-talk in the literature between microfluidics groups carrying 
out horizontal flow microfluidics experiments, and membrane and nanopore groups that 
use a flow-through geometry. By taking an existing microscale phenomenon to the 
nanoscale, we aim to link the ongoing efforts of both groups of researchers. Microfluidic 
ICEO research produced a surge of papers between 2004-2010 that focused on fluid 
dynamics, simulation, surface chemistry, and applications in lab-on-a-chip fluid transport 
at the microscale. Meanwhile, another rich and innovative research field developed around 










Figure 31: Research on induced charge electroosmosis (ICEO, left) and on ion flow 
through nanopores (right) investigates related phenomena, yet there is little cross-
referencing (indicated by lines connecting gray circles) between two key papers (green 
square, blue square) on these topics.  
 
In Figure 31, an early ICEO paper by Squires and Bazant [61] became the most 
heavily cited paper in the Journal of Fluid Mechanics; this paper suggested that the 
microfluidics community should apply metal to obstacles in channels with in-plane flow. 
A couple of years later, a key paper by Siwy on ion-current rectification in nanopores [62] 
described experiments with a flow-through geometry, and had connections to groups that 
metalize the inner wall of nanopores using electroless plating [63]. Gray circles are works 
that cite either Squires or Siwy directly (red ring), plus the other papers in their 
bibliography. As of fall 2016, the shortest link between the two bodies of literature is still 




between these two fields, but the groups are poised to make an impact by combining their 
expertise. Nanomaterials researchers have new tools and techniques that can apply the fast, 
AC-generated slip velocities of ICEO over a much larger surface area than previously 
possible. Linking these two topics together through this collaborative proposal has the 
potential to generate high pressure unidirectional flows in high ionic strength solutions, 
using AC electric fields that mitigate the problem of electrolysis bubbles. Cross-
collaboration will combine the controllable surface charge density of ICEO with the 





CHAPTER IV:  
ALTERNATING CURRENT ELECTRO-OSMOTIC PUMPING AT 
ASYMMETRICALLY METALLIZED POROUS MEMBRANES  
 
The goal of this section is to investigate AC electro-osmotic pumping through 
asymmetrically metallized membrane nanopores for bubble-free, electrically driven fluid 
transport in compact lab-on-a-chip systems that require higher backpressure than can be 
achieved with microscale pumping features [65]. Induced charge electroosmosis (ICEO) is 
able to drive flows at conductive surfaces that persist even in alternating current (AC) 
electric fields [66]. Because previous work in this area uses microfabricated pillars as 
discussed in the previous section, the flow-through format described here is a departure 
from past work in the field. We have created several types of metallized membranes and 
tested them under different conditions. To validate our experimental results and to optimize 
our parameters we have also performed computational fluid dynamics (CFD) simulations. 
The work is motivated by the idea that nanoscale pore geometry can potentially exceed the 
pressure limitations of current ICEO and alternating current electroosmosis (ACEO) 
microscale systems. Nanoporous materials made either by self-assembly, or by “top-down” 
nanolithography, will open the possibility of using ICEO in new applications including lab-





1.     Create a scalable fabrication technique for single sided metalized membranes 
for use in an ICEO device. 
2.     Determine fabrication limitations 
3.     Verify ICEO flow through metalized membranes 
4.     Determine optimal operating parameters for these metalized membranes 
 
4.1 Flow-through ICEO Background 
In this section, we present a flow-through approach to induced charge electro-
osmotic pumping, by using single-sided metallized nanoporous membranes for alternating-
current (AC) driven fluid transport. ICEO devices have not yet been created at the scale of 
the Debye layer thickness, which increases to 100 nm with decreasing salt concentration. 
Consequently, their active pumping area is only a small fraction of the device volume, and 
their relatively large channel size means they are unable to hold off significant pressures. 
In this work, we have investigated the ICEO principle at a nanoporous membrane surface, 







Figure 32: Illustrates how asymmetry (right side) can drive nonzero flow around an 
obstacle or through a pore in an AC trans-membrane electric field. Top row: Typical flow 
around obstacles designed for horizontal microfluidic flow; asymmetry is achieved by 
applying a metal coating to an asymmetrically shaped obstacle. Bottom row: The same 
concept applied to vertically-polarized pores for through-substrate flow; asymmetry is 
achieved by applying metal to one side of a porous membrane. 
 
The polarized metal film maintains zero net charge, but the externally applied 
electric field induces a non-uniform surface charge. This surface charge attracts counter-
ions, forming a double layer at the surface. The external electric field drives the ions in the 
double layer with a slip velocity that creates bulk flow through the pore. Because of 
asymmetry (Figure 32, right side) the induced flows need not cancel out as they would with 
a symmetric structure (Figure 32, left side). With the asymmetric geometry of the 




metallized surface -- even in alternating current (AC) electric fields, as long as the 
frequency is low enough to allow the double layer to form.  
In this project, we have created metallized membranes by photolithography and by 
sputtering gold on track-etched nanoporous membranes. We then tested their pressures and 
flow rates under different conditions. To validate our experimental results and to optimize 
our parameters we have also performed computational fluid dynamics (CFD) simulations. 
The work is motivated by the idea that nanoscale pore geometry can potentially exceed the 
pressure limitations of current ICEO and (ACEO) microscale systems. Nanoporous 
materials made either by self-assembly, or by “top-down” nanolithography, will open the 
possibility of using ICEO in new applications including lab-on-a-chip sample preparation. 
A significant amount of research has already been devoted to the development of 
microfluidic pumps in applications such as filtration, medical diagnostics, and separation. 
Advances in electronically driven pumping are needed in order to reduce the size and cost 







4.2 ICEO Device  
4.2.1 Fabrication 
We have produced flow-through ICEO structures using both top-down 
photolithography for optical microscopy experiments, and track-etched nanoporous 
polymer membranes for pressure measurements. Unlike traditional micropillar-based 
ICEO devices, the fabrication of these asymmetrically metallized membranes is a simple 
process. Nanoporous ICEO structures are fabricated by sputtering gold onto off-the-shelf 
track-etched nanoporous polycarbonate membranes. The sputtering process coats only the 
top and side walls of the membrane, breaking the symmetry of the metal coating. Track-
etched pores are commercially available at nanoscale diameters (80 nm- 1 µm) which are 
not achievable using photolithography. Although the track-etched membranes provide 
nanoscale features for backpressure generation, their random distribution and small size 
makes it difficult to optically image the flow pattern at individual pores. Therefore, larger 
and more uniform pores are needed for optical studies. These larger pores were created 
using SU-8 epoxy-based photoresist and standard cleanroom lithography processes. The 
membranes were created by first depositing a sacrificial layer of styrene onto a wafer, 
followed by standard SU-8 lithography and release in toluene. The released SU-8 
membranes were transferred to a silicone carrier and metallized by sputtering as detailed 








Figure 33: Fabrication Diagram for ICEO Membranes 
 
4.2.2 Fabrication Limitations/Characterization  
To better understand the behavior of the membranes and to refine our simulations, 
the membranes were visually characterized using SEM and optical microscopy. The 
sputtering process is a repeatable and scalable method for producing the metalized 
membranes, but there are some limitations that arise from using this method. The biggest 
limitation to this process is the pore diameter of the membranes. Once the pores have been 
sputtered they are analyzed using the SEM (Figure 34) to verify that the pores are not 
clogged. Several membrane sizes have been sputtered including 100 nm, 200 nm, 400 nm, 




successfully have been the 400 nm membranes; membranes below this threshold have been 
clogged. The reason for the clogging is not known, one possibility could be that at smaller 
pore sizes the gold deposition process is able to form a bridge across the membrane. The 
reason for clogging needs to be investigated further.  
 
 
Figure 34: Asymmetrically metallized nanopores fabricated by metallizing track-etched 
membranes 
 
In addition to determining if the membrane pores are open, the membrane sidewalls 
were also imaged to determine how much was covered. The cross-sectional view in Figure 







Figure 35: Cross sectional view of a membranes showing gold deposited along the side 
walls 
 
This cross-sectional view shows that there is the desired asymmetry present in these 






4.3 Experimental Results  
4.3.1 Theoretical Expectations  
There are several parameters which have an effect on ICEO flows. In order to 
validate the presence of the ICEO effect and to better understand the behavior of the 
devices, multiple variables have been tested. 
 
1. Varying the voltage applied across the device 
We expect the pressure and flow velocity to increase with increases in voltage. We 
expect this because increasing the voltage will increase the electric field, which will 
increase both the induced charge and the electrophoretic force acting on it. The applied 
voltage from the system was varied between 30 -150 Vrms. Although the applied voltage is 
very large, the voltage across the membrane is in the 1 V range due to the high impedance 
created by the testing device which can be seen in Figure 36. 
 
 





This low voltage across the membrane indicates that the voltage needed to drive the 
system could be much smaller if the electrodes were closer together. 
 
2. Varying the frequency 
a. Higher driving frequencies (> 1000 Hz) quenched the ICEO effect. The effect 
will continue to appear as long as the induced-charge screening cloud has sufficient time 
to form. Based on our previous projects [67] and the literature [68], a frequency between 
200 Hz and 1 kHz seems to be the ideal operating parameter. 
 
3. Varying the conductivity in the medium 
We expect the increased conductivity in the medium will decrease the ICEO effect, 
because several experimental results have shown a decrease in efficiency when it comes to 
an increase in ionic strength. There is about a 75% drop in velocity when going from a 
solution with .001 mM to 1.0 mM [69]. Although the standard model does not seem to be 
able to accurately predict the effects of a high ionic strength solution, there have been 
attempts made to add to the standard model in order to account for this. One such approach 
uses direct numerical simulations of the coupled Poisson-Nernst-Planck equations and the 
Navier-Stokes equations which show that there is a chaotic flow phenomenon present [70]. 
The simulations that were presented show that with a high ionic strength solution, a dense 
collection of ions can form and conduct a sufficient amount of current to effectively short 






4. Varying pore diameter 
We expect the pressure output of the device to increase with smaller pore size 
devices because the smaller pore diameter can withstand significantly larger backpressure. 
According to our numerical calculations (described further in Section 4.3.2) we expect the 
pressure to increase with the decrease in pore diameter as seen in Figure 37. We tested 
membranes from .4 µm to 3 µm; this size scale was chosen because we are not able to 
fabricate devices below .4 µm with our current fabrication techniques. The upper limit of 
3 µm was chosen because the pressure sensor which is being used cannot sense sub- 20 Pa 
pressures which are produced by pores larger than 3 µm. 
 
 
Figure 37: Expected pressure output vs pore diameter 
 
5. Control Experiments 
Two different control groups were used to determine if the metallization was 
responsible for the pressure and flow effects. The experiments were performed with a non-




performed with no membrane present in the setup. Although achieving flow in membranes 
is possible with non-metallized membranes in AC fields [71], non-conductive membranes 
need asymmetric shapes (such as tapering pores) to produce pressure. The control 
experiments were expected to not produce any pressure change because there is no 
asymmetry with the non-metallic track-etched membranes used in this project. 
 
4.3.2 Numerical Calculations  
 To calculate the pressure output, the Helmholtz-Smoluchowski slip velocity 
Equation (11) can be used since ICEO velocity remains the same under AC fields however 
the equation does need to be modified as presented in the literature [72]. Since only the 
induced potential contributes to the time-averaged flow, the equation reduces down to 
Equation (12) where a is the polarized surface length. 
 







The pressure of these systems can be calculated by first obtaining the volumetric 









A is the cross-sectional area of the structure. The pressure generated by the structure 
can be calculated by assuming that the ends are capped. To satisfy the conservation of 














In setting the two equations equal to each other, we obtain the maximum pressure 










Figure 38: (A) Pressure-vs-voltage is nearly linear (B) Electron micrograph of 
membrane. 
 
Equation 15 has been used as the basis for ACEO pumps in porous structures with 
lateral flow [73,74]. However, the data in Figure 38 (black line) shows the pressure 




with our previous results on ICEO devices [75] and with most reports in the literature. The 
V2 scaling only holds true for low ζ potentials but diverges in the high ζ potential region. 
This departure has been attributed to many factors such as ion crowding. To account for 
this divergence, correction factors are generally introduced [76]. The correction factor Λ is 
the ratio between the theoretical and measured results.  
 
4.4 Measurements  
Pressure measurements were performed with a MPXV7002DP pressure sensor 
which outputs a voltage proportional to the pressure difference across the membrane. The 
voltage was collected using LabVIEW and analyzed in Python. 
 
 
Figure 39: Block diagram for data collection  
 
The pressure measurement device consisted of a membrane sandwiched between 
several acrylic laser-cut pieces which function as scaffolding to hold the membrane in place 
and as reservoirs for the flow medium. Two stainless steel tubes serve as connectors to the 
pressure sensor and as the positive and negative electrons for the voltage. A breakdown of 





Figure 40: Laser cut acrylic pressure measuring device 
  
To validate that we were seeing ICEO flow, we created larger membranes using 
SU-8. These membranes were large enough to observe flow behavior. Electrical contact 
was made using platinum wires immersed in the reservoirs. The membrane was placed 
above one end of the connecting channel. By using an indium tin oxide slide as a 
transparent electrode and substrate for the microfluidic channel, the membrane could be 
polarized while tracer particles were observed using inverted fluorescence microscopy. The 
flow was recorded using an INFINITY3-3ur video camera. 
 
Figure 41: Flow Visualization Device: A membrane polarized between a wire and an 
optically-transparent conductive indium tin oxide coated slide is inspected in an inverted 




4.4.1 Simulations  
Simulations were performed in ANSYS Fluent CFD software to determine if a 
pressure difference could be created in metallized pores. A moving wall in an axisymmetric 
domain was used to create electroosmotic slip along the pore walls. The wall velocity was 
non-uniform and was computed as follows. The surface charge density along the wall was 
calculated using ANSYS Maxwell. The resulting charge density distribution was then 
imported into the ANSYS Fluent mode to calculate flow velocity vectors. The goal was to 
determine the net flow, which combines ICEO-driven flow with pressure-driven backflow 
and the maximum pressure and flow rates attained by a given geometry. Maximum velocity 
was calculated by leaving the inlet and outlet open. Using these simulations allows us to 







Figure 42: Simulation Visualizations and differential pressure validation 
 
The simulation results in Figure 42 are derived by applying a moving wall velocity 
on the side walls which creates a pressure difference between the inlet and outlet. 
 
4.4.2 Pressure Measurement Results  
Out-of-plane tracer particle motions were observed during fluorescence 
microscopy of active pores in AC electric fields. Pressure measurements depended on 
several variables. 
Increasing the voltage (0-120 Vrms) resulted in an increase in pressure, with typical 




membranes. The pressure increased linearly with the increase in voltage to about 120 Vrms 
and then leveled off to only a modest increase. 
 
Figure 43: Device Voltage Response A) Typical voltage-vs-time response for 
membranes with 1 micron pore diameters B) Steady-state Pressure vs Voltage for 




A typical pressure response for different voltages can be seen in Figure 43A. The 
steady state pressure shown in the graph takes a few seconds to build up. This is due to the 
fact that when an incompressible fluid is in a flexible wall there is a large compliance, and 
the pressure causes the tube to expand and increases the volume available to the water. In 
addition to the tube being able to expand, bubbles also have a large compliance although 
steps have been taken to eliminate this. Small bubbles could still remain in the device, 
which would also effect the time to reach steady state. 
 
Higher driving frequencies (> 1000 Hz) quenched the ICEO effect as the ions in 
the fluid could not diffuse fast enough to respond to charges on the metal surface. The 
experimental results shown in Figure 44 were collected by switching between 400 Hz and 







Figure 44: Pressure response to change in frequency 
 
 




The experimental results shown in Figures 44 and 45 exhibit the expected pressure 
drop when switching to frequencies above 1000 Hz. Based on these results and our 
previous work with ACEO, our optimal operating frequency is 400 Hz. 
The pressure output of the devices increased with decreasing pore diameters as 
predicted by CFD simulations. The data in Figure 46 shows the maximum pressure outputs 
for differently sized pores at 120 Vrms. With our fabrication limitations, the optimal 
performance was found at 400 nm pore diameter. 
 
 
Figure 46: Maximum Pressure vs pore diameter  
 
 
The continuous pressure increase with the decrease in pore size seems to indicate 
that smaller sized pores could achieve higher pressure than what we are seeing with the 





4.4.3 Control Experiments 
The polarity of the electrodes was reversed during experimentation. The flow 
direction remained the same during this reversal which was expected, and helped to rule 
out DC flow. 
 
 
Figure 47: Pressure measurements for control devices A) positive electrode is facing 
metalized surface B) positive electrode is facing non-metalized surface  
 
As expected, the control experiments did not produce the characteristic pressure 








Figure 48: Pressure measurements for control devices A) Device with non-metalized 
membrane B) Device with no membrane  
 
Both the test devices with a non-metallized membrane and the device with no 
membrane confirmed that the gold nanostructure is the principal driving factor behind the 
fluid flow. 
The final control experiment was to determine if we were getting fluid flow through 
the device and not just a pressure change. The experiment was performed by leaving the 





Figure 49: Flow through experiments A) DI water position before applied voltage B) DI 
water position after applied voltage 
 
The experimental setup can be seen in Figure 49. Figure 49A shows the position of 
the fluid on the inlet and outlet at the beginning of the experiment, and Figure 49B shows 
the fluid position at the end of the experiment. The experiment showed the fluid moving 
from the inlet to the outlet side of the device through the membrane, which validated that 






Figure 50: Flow rate vs time for a 400nm membrane at 120Vrms    
 
From video analysis it was determined that the flow-through rate in the device was 
around 60 μL/min. A 400nm membrane at 120Vrms was used for these flow experiments 
because these were the best performing parameters from the pressure experiment. The flow 
rate over time for these parameters can be seen in Figure 50. The flow-through experiments 
also indicate that the flow is not generated from bubble formation, since bubbles would 







CONCLUSIONS AND FUTURE WORK 
 
 
5.1 Light Actuated MEMS - Conclusions   
We have shown that GNPs can be incorporated into a functioning MEMS structure 
with a new fabrication method. This method allows for an exciting new approach which 
was not previously possible. Chapters 1 and 2 introduce these fabrication processes and 
chronicle their use in out-of-plane microstructures with embedded GNPs. These structures 
are able to be actuated wirelessly using GNPs.  Applying this technique to the windowpane 
device, would open up applications in several areas. These windowpane devices could 
mechanically trigger cardiac cells and nerve cells through the skin without wires. We 
would be using GNPs which are between 700 nm and 900 nm, well within the Near-
Infrared window range. The Near-Infrared window (650-1450 nm) is where light has its 
deepest penetration into human skin. This method has the potential to be developed into a 
more robust system for interacting with biological components. Such a system could 
facilitate research involving mechanical stimulus at the cellular level. Because this new 
fabrication technique exposes the GNPs to high temperatures, it was important to do a 
thermal stability study. The thermal stability study allowed us to characterize the behavior 
of GNPs at higher temperatures. This is important since they melted at much lower 
temperatures than we have seen in bulk gold, which melts at 1064 C. Additionally, it 




GNPs show little to no shift in absorbance when they are exposed to temperatures of up to 
100 C, which allowed us to determine the safe operating environment for these devices. In 
addition, we can also say that the 4 watt laser we are using should not have any effect on 
the functionality of the devices since our experiments in Section 2.2.1 and in previous 
projects [77] show the devices reaching temperatures below 100 C. Even though the safe 
operating temperatures of these GNP structures is below 100 C, they can still be used to 
achieve actuation. These same structures were placed on a hotplate at 100 C and actuation 
was observed. 
While testing the mechanical switching of these structures it was discovered that 
the flipping behavior strongly correlates to the device side length. After characterizing this 
behavior, it was determined that this device can also serve as a novel gas flow sensor by 
taking advantage of its bistability. Although freestanding flow sensors have been created 
by other groups [78,79] they require constant power and do not provide memory of the 
flow speeds without an external storage device.   
 
5.2 Light Actuated MEMS- Future work 
Although we have shown that we can actuate cantilevers, these cantilevers are of a 
very basic design. The next step in this project would be to create complex structures like 
the windowpane that was discussed earlier. Our simulations have shown that selectively 
heating certain sections of the bistable structure would induce switching between stable 
states, similar to what we saw with the air flow sensor. The goal would be to have multiple 




would need to map out the spatial pattern of temperature in an illuminated, GNP-patterned 
device and compare it to models. Temperature depends on GNP shape, density, and the 
geometry of thin-film structures which are expected to heat more when they are distanced 
from heat-sinking materials like the silicon substrate. This experiment could be done using 
the infrared microscope (QFI) in the Shumaker Research Building. One limitation is that 
the QFI needs planar samples such as bridges tethered on both ends; such test structures 
are already available on some of the cantilever wafers made in this project. 
 
5.3 Membrane ICEO - Conclusions  
We have successfully created metallized membranes for induced charge 
electroosmotic flow. The flow has been validated by fluorescence video microscopy of 
membranes using fluorescent tracer beads. The flow response to the AC driving signal has 
been validated by pressure readings. Pressure ranges are comparable to most conventional 
ICEO devices, with simpler fabrication. We have also characterized the optimal operating 
parameters for this fabrication technique. Our experimental results show that the optimal 
operating parameters are 120 Vrms at 400 Hz, with the smallest size membrane being 
400nm. Currently we are getting about 400 Pa for a single membrane while microfluidic 
ACEO devices have achieved pressures at 1300 Pa, but these devices have a larger active 
volume [80]. With further optimization and our ability to stack the membranes, we believe 





5.4 Membrane ICEO Future Work  
Even though the current fabrication technique is reliable and simple, it does still 
present limitations for how small the membranes can be. We have shown membranes 
below 400nm get clogged in the sputtering system and cannot be used as a functioning 
membrane pump. Because of this, future work in this area will have to use other 
metallization processes like electroless plating. Currently, the applied voltages on the 
device are relatively high due to the large spacing between the electrodes. Reducing this 
spacing will drastically lower the needed voltage and improve the overall utility of the 
devices. Future experiments will also include fluids with higher ionic solutions from .001 
mM to 1 mM KCl solution, as these solutions have been shown to have a significant drop-
off in the ICEO effect [81].  Preliminary results for stacked membranes have also been 
performed to determine the feasibility of scaling these devices and achieving higher 
pressures than possible with a single membrane.  
 




Multiple membranes stacked in the same device do show an increase in pressure. 
There is a drop off with four membranes, most likely due to the fact that the spacing 
between the membranes increases and the voltage drop becomes too small to induce 
pumping. This phenomenon needs to be investigated further since the ability to stack 
membranes is one of the major benefits of using this flow through geometry. To work 
around this problem, additional electrodes could be added to the system between the 
membranes to address the low voltage drop across the electrodes. 
 
5.5 Conclusions- Applications of polarized metallic nanostructures in electric fields 
This thesis illustrates how polarized metallic nanostructures can transform 
electromagnetic energy into other useful forms of energy, such as thermal energy for 
driving MEMS actuation, and mechanical energy in the form of moving fluids.  
These nanostructures were created by self-assembly in the case of the GNPs, or by 
coating a nanoscale insulating structure with a sputtered gold thin film. In our other 
previous work [82] three-dimensional small-scale electrodes were produced by metal 
evaporation at an angle, and in our future work electroless gold plating will be used. These 
examples show that polarizable nanostructures can be created by a wide array of methods. 
Their most important feature is their ability to capture electromagnetic energy from a 
distant source without a direct electrical connection. Such wires would be impractical in 
the case of a microfluidic device which needs sealing, and impossible in the case of a tissue-
embedded MEMS device where wires would provide a route for infection. The two cases 
here involved significant development of processing that would not disrupt the polarizable 




detailed in Chapters II and IV included pore clogging during sputtering, and shifting of the 
GNP absorption wavelength during subsequent polyimide processing. This thesis 
addressed limitations of the nanostructure device integration process, and demonstrated 
viable fabrication pathways toward light-activated multi-stable MEMS as well as AC-
driven compact microfluidic pumps. At the end of this project two important goals were 
achieved. First, by moving our previous fabrication process from metal to polyimide the 
thermal contrast between GNP and non-GNP cantilevers within a close proximity was 
shown to be possible. The second project successfully demonstrated ICEO pumping 
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FEA Modeling of Window Pane Device 
         ANSYS v14.5 was used to evaluate static buckled out of plane heights, natural 
frequencies, Von Mises Stresses, buckling forces, and various spring constants.  
SHELL281 elements with midside nodes are used to model the device due to its very thin 
features.  Layered sections composing of 500 µm and 95 nm of SiO2 and platinum 
respectively are used to create the overall structure of the device.  Other material properties 
used for the FEA analysis are shown in Table 1 below. 
  
Table 1.  Geometric and material property values used in ANSYS. 
 
SiO2 Platinum 
Thickness (nm) 500 95 
Density (kg/m^3) 2,648 21,450 
Young's Modulus (MPa) 73 170 
Poisson's Ratio 0.2 0.3 
Fictitious CTE (m/m*C) 4e-6 0 
          
Before any modal or structural behavior aspects can be obtained the device needs to exhibit 
buckling due to a relatively large stress induced by the SiO2.  To do this in ANSYS a 
fictitious CTE is used for the SiO2 while leaving the CTE for platinum at zero.  A 
rectangular shape (10 x 0.5 µm) populated with PLANE183 elements and an axisymmetric 
analysis are used to plot radial stress versus change in temperature.  Boundary conditions 
on the disk include no displacement on the bottom and left/right side.  Radial stress 
measurements are taken at the center of the rectangle.  Since the thermally grown oxide for 
these devices is measured using a Toho thin film stress system and results in 300 MPa 
biaxial stress, the delta temperature used to emulate the stress for the FEA is 820 C.  
         The center of the device has a boundary condition of being fully clamped.  Before 
any external loads on the device is are applied, buckling must occur in three load steps.  
The first load step is to apply a small pressure perturbation which will influence the initial 
direction of buckling.  Applying the thermal temperature difference of 820C is the second 




removed for load step three and the FEA model now sits in the static buckled form as 
shown in Figure 1 below. 
 
 
Figure 1.  A) Mesh and B, C) static buckled profile for the 550 µm window device. 
          
Stiffness of the device was tested in load step four using 400 substeps.  The applied force 
had a magnitude of 10 µN and was kept in either the X or Z (sideways or upper) global 
coordinate direction which means it does not change orientation with the local element 
coordinate system.  As a first approximation the stiffness of the structure, in respect to the 
applied force, can be evaluated as the magnitude of the load divided by the distance 
traversed by at the location the load is applied.  Examples of the structure under load to 
analyze stiffness is shown in Figure 2 below.  Displacement of the structure under load is 
not entirely linear.  This can be observed via a plot of horizontal displacement versus 





Figure 2.  External applied loads to the 550 µm buckled device in the A) Z direction 









Modal analysis for the first 6 mode shapes was done after a static displacement buckling 
solution with all excitation frequencies being in the kHz region.  Another analysis is the 
force need for the device to “snap-through” to another stable buckled shape.  A force of 10 
µN was applied in the upward direction on the lower beam.  As snap-through occurs, a 
rapid transition of geometry is observed and can be monitored by a force versus 
displacement graph.  All of these force location, stabile geometry just before snap-through, 
and a force versus displacement graph can be seen in Figure 4 below. 
 
 
Figure 4.  Snap-through analysis A) applied force location, B) displacement probe and 
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